Pale foxes (Vulpes pallida) have a widespread distribution across the Saharan-Sahel in northern Africa, but little is known about their ecology and natural history. Here, we provide the 1st ecological information on the species. We captured and radio-collared 10 pale foxes in the Termit & Tin Toumma National Nature and Cultural Reserve of east Niger. The adult body mass (1.20 ± SD 0.18 kg, n = 6) was about half of what was previously reported, confirming this species as one of the smallest canids in the world. Body measurements were relatively similar between sexes, suggesting little if any sexual dimorphism. Mean ± SD home range size (n = 6) was 6.79 ± 3.58 km 2 using 100% minimum convex polygon and 5.62 ± 3.11 km 2 using 95% fixed kernel density estimator. Overlap between adjacent pale fox ranges was generally low (mean overlap index = 0.11 ± 0.22), with nearly exclusive core areas (mean overlap index = 0.02 ± 0.06), suggesting pale foxes are territorial. Overall, the spatial ecology of pale foxes showed similar characteristics to other Vulpes species, especially those inhabiting arid and semiarid environments.
Although deserts cover 17% of the world's land area and harbor high biodiversity, including some of the world's most endangered species, conservation attention has not focused on these ecosystems, and their wildlife has been little studied (Durant et al. 2012 (Durant et al. , 2014 . The Sahara, the largest warm desert in the world (11,230,000 km 2 including the Sahel), is a remarkable example of an area where biodiversity is poorly known and conservation has been mostly neglected, with only a small number of studies devoted to its biodiversity (Durant et al. 2012; Brito et al. 2014; Durant et al. 2014) . The pale fox (Vulpes pallida), a small sandy-cream colored fox with large ears and longish legs, illustrates well the lack of knowledge about Saharan-Sahel species despite its widespread distribution throughout the semiarid Sahel (Sillero-Zubiri 2013) . Although categorized as Least Concern by the IUCN Red List (SilleroZubiri and Wacher 2012), pale foxes are considered the least studied canid in the world, with most of the published data limited to occurrence records and a few anecdotal natural history observations (Rosevear 1974; Sillero-Zubiri 2004) .
During a concurrent study, it was determined that pale foxes fed primarily on arthropods (92% of scats), followed by small mammals (6%), and rarely on avian, squamate, and plant material (Burruss 2014) . However, it is not known yet how large of an area they need to meet their annual energetic and water requirements, especially in such a harsh environment. Among small canids, home range size is related to food abundance (e.g., Munkhzul et al. 2012) , thus if food abundance is low, then pale foxes may need abnormally large areas to meet their food demands, which would result in the need for large protected areas to conserve them. Here, we report the home range size and overlap of pale foxes in the Termit & Tin Toumma National Nature and Cultural Reserve (hereafter TTT), eastern Niger, the largest protected area in Africa. Our objective was to elucidate the ecology of this little-known species, especially in the remote and poorly studied Sahara-Sahel ecosystem. Our findings will be especially important for managers of the TTT, one of the newest and most important Saharan reserves (Claro and Newby 2005) , as successful management will depend on obtaining ecological data for the key species it was designed to protect.
Materials and Methods
Study area.-The study was conducted within the TTT, the single largest protected area in Africa with an area of 97,000 km 2 (Rabeil et al. 2014) . Established in March 2012, TTT is dominated by sand dunes, with sparse grasses and shrubs in the Tin Toumma area, whereas patches of grass, shrubs, and thinly scattered trees dominated by Acacia raddiana occur in the Termit Massif (Wacher et al. 2004 ). The TTT is inhabited by 5 ethnic groups: the Toubou Teda, Toubou Daza, Tuareg, Arab, and Peul, all primarily nomadic pastoralist communities located near wells spread throughout the area, where they typically raise domestic camels, sheep, and goats. The region contains over 20 mammal species (Claro and Newby 2005) and is considered a stronghold for several threatened species, including the Critically Endangered addax Addax nasomaculatus and Saharan cheetah Acinonyx jubatus hecki (Rabeil et al. 2008; . In addition to pale foxes, the TTT also harbors other canid species, including Rüppell's foxes (Vulpes rueppellii), fennec foxes (Vulpes zerda), and golden jackals (Canis aureus- Wacher et al. 2004) .
The study was undertaken in Blakawa, 35 km to the southwest of the Termit Massif, in an area comprised of extensive dunes sparsely covered with perennial grasses, with sporadically occurring Balanites aegyptiaca, Acacia spp. and drought tolerant shrubs. This region experiences mild winters, intense dust storms driven by the Harmattan (i.e., West African trade wind), and exceptionally hot summers, when temperatures surpass 43°C. The mean annual precipitation is 108 mm, with the wettest period being centered around August (Anderson and Sprundel 2009).
Capture and monitoring.-We captured pale foxes using wire box traps (50 × 50 × 120 cm; Tomahawk Live Trap, Hazelhurst, Wisconsin) baited with sardines and glandular lures (S Stanley Hawbaker & Sons, Fort Loudon, Pennsylvania). We followed the animal care and use guidelines of the American Society of Mammalogists (Sikes et al. 2011 ) and our research protocol (ZERC010909) was approved by the Direction de la Faune, de la Chasse et des Aires Protégées, Niger. We fitted captured pale foxes with radio collars (Advanced Telemetry Systems Inc., Isanti, Minnesota) and selected the collar size base on an individual's weight so that it did not exceed 5% of their body weight. Captured foxes were sexed, measured, and weighed when possible. Radio tracking occurred between October 2009 and May 2011. We radio tracked collared individuals between 1900 and 0700 h during 2 shifts per night for approximately 1 week per month. One location per fox per day was usually collected, except during the final months when we made a greater effort to collect 2 locations per day from each collared fox (one after nightfall and one before dawn). We stratified nightly tracking efforts hourly to ensure that a uniform representation of locations was recorded during the time each individual was generally active. Locations were either verified directly through visual sightings of a collared individual or triangulated if the terrain prevented direct observation. Most locations were obtained from direct sightings using spot lights, which allowed us to directly observe collared individuals. Behavioral effects were likely minimal given that observations were brief and usually at a distance of ≥ 50 m. Although we did not test the accuracy of our triangulations, this should not affect our results since we attempted to get as close as possible to foxes when triangulating (typically < 1 km) to decrease errors. Additionally, at least once per month the burrow location of each collared individual was recorded. All observations and burrow locations were recorded on a hand held Garmin 60 Csx (Garmin, Olathe, Kansas).
Home range size.-We determined home range size of collared foxes using 100% minimum convex polygon (MCPMohr 1947) , and 90% and 95% fixed kernel (Worton 1989; Börger et al. 2006; Kie et al. 2010) , as these are common methods and allow comparisons to other studies. Home ranges were calculated for individuals that had a minimum of 30 independent locations (Seaman et al. 1999) , these included telemetry locations and direct observations. We quantified MCPs, kernel density estimates (KDEs), isopleths, and areas (km 2 ) in the Geospatial Modelling Environment (GME-Beyer 2012). Gaussian KDEs were calculated using the kernel density command in GME (Beyer 2012) and plugin bandwidth estimator algorithm in the "ks" package of R (R Core Team 2013), which gives a bivariate plug-in matrix with smoothing oriented along rotated axes. We also developed 95% Utilization Distributions (UD- Kernohan et al. 2001 ) using a bivariate plug-in matrix that calculated a separate bandwidth, determined along rotated axes, for each fox (Gitzen et al. 2006) 
in R.
Home range overlap.-The UD, which transforms spatial data into a probability distribution, can provide an informative measure of overlap between individuals through indices that are a function of the UD (Fieberg and Kochanny 2005) . Thus, we used the Utilization Distribution Overlap Index (UDOI) developed by Fieberg and Kochanny (2005) , which compares the UD between the intersecting and exclusive areas of 2 home ranges. The UDOI equals 0 when 2 home ranges do not overlap, and 1 if both animals' UD have 100% overlap with uniformly distributed locations. For 2 nonuniformly distributed UDs, values > 1 indicate a high degree of overlap, whereas values < 1 indicate less overlap than expected relative to uniform space use (Fieberg and Kochanny 2005) . The biological interpretation of UDOI is similar to that of Hurlbert index of niche overlap (Calenge 2014) , with both indices under the assumption that 2 animals use space independently of one another, which is presumably the case for pale foxes. We investigated the spatial overlap between every possible pair combination of pale foxes that were monitored simultaneously using the UDOI. The UDOI was calculated at both 50% and 95% UD isopleth levels using the kerneloverlaphr function of the adehabitatHR package in R (Calenge 2014) . This function produces an index for the area of overlap and for each of the animals in their exclusive area.
results
We captured and radio-collared 10 pale foxes (5 females, 2 males, 2 not sexed). The mean ± SD adult body mass for 6 individuals was 1.20 ± 0.18 kg (range = 1.00-1.52) with relatively little difference between the sexes (Table 1) . Females and males were relatively similar across all body measurements (Table 1) .
Collared foxes were never found outside of a burrow during daylight, and only before dusk and dawn were foxes observed resting at burrow entrances. Because burrow locations were usually obtained once per month, we could not accurately determine the total number of burrows used per fox. Burrows were used by several individuals at the same time, including uncollared foxes. Thus, although home ranges of collared foxes were clustered in our study area, we could not accurately determine density given that uncollared foxes often were observed at burrows with collared foxes.
We collected a total of 385 locations from the 10 radiocollared pale foxes. However, mortality, emigration, logistical limitations, and security concerns prevented continuous monitoring of all the individuals, which led to 4 of them yielding insufficient data for analysis. A total of 336 locations were obtained from the remaining 6 foxes from March 2010 to May 2011. Mean home range size was 6.79 km 2 (SD = 3.58) using the 100% MCP, 4.31 km 2 (SD = 2.54) with 90% KDE, and 5.62 km 2 (SD = 3.11) with 95% KDE (Table 2 ; Fig. 1 ). The developed 95% UDs estimates of the 6 pale foxes home ranges resulted in similar size (X = 5.53 km 2 , SD = 3.10) to that obtained using 95% KDE calculated through GME, thus only the results of the latter were presented (see Table 2 ). The UDs and UDOIs of pale foxes, indicating the probabilistic spatial distribution, at both 50% and 95% levels of home range were between 0 and 1 for all pair combinations. Overall, home range overlap was low among pale foxes (mean home range [HR] UDOI 95% index = 0.11 ± 0.22, range = 1.00E-05 to 0.81; Table 3 ) and the use of the core area was nearly exclusive (mean HR UDOI 50% index = 0.02 ± 0.06, range = 0.00-0.20; Table 3 ). The UDs generally were a decimal place higher than the UDOIs for both 50% and 95% levels of home range estimation, indicating lesser use of overlapping areas.
discussion
The body mass of 6 adult pale foxes captured in our study (range 1.0-1.5 kg) indicates this species is one of the smallest canids in the world. Surprisingly, the body mass was only about onehalf of what was previously reported for this species (range 2.0-3.6 kg-Sillero-Zubiri 2004), suggesting that body size may vary considerably across the species distribution, and may be dependent on the subspecies, sympatry with other canids, climate, or food availability. Sample size was too small to test for intersexual differences in body measurements. Nevertheless, mean body measurements were relatively similar between sexes, with a large degree of overlap (Table 1) 
SILLERO-ZUBIRI ET AL.-PALE FOXES IN NIGER 529
The mean home range size of pale foxes was relatively small compared to other Vulpes species inhabiting arid or semiarid environments. For example, home range sizes were > 9 km 2 for kit foxes (V. macrotis-List and Macdonald 2003), swift foxes (V. velox- Kamler et al. 2003 ), Rüppell's foxes (V. rueppelliiLindsay and Macdonald 1986), and cape foxes (V. chama- Kamler et al. 2013b ). The relatively small home range sizes of pale foxes may be due to their smaller body size in the study area compared to other Vulpes species, as home range size is positively related to body size in carnivores (Tucker et al. 2014) including within Vulpes species (Iossa et al. 2008) . Relatively small home range sizes have been reported for some Vulpes species, including Blanford's foxes (V. cana, 0.5-2.0 km 2 - Geffen et al. 1992b ) and corsac foxes (V. corsac, 4.5 km 2 - Munkhzul et al. 2012) . However, even within species, foxes exhibit large variation in home range size, which is most likely related to available resources, such as that reported for red foxes (Cavallini 1996) and corsac foxes (Munkhzul et al. 2012) . For example, corsacs have home ranges that range from 1 km 2 in optimal habitat (Poyarkov and Ovsyanikov 2004) to 35-40 km 2 in low-quality habitat (Hepter and Naumov 1992) . Thus, the relatively small home range sizes of pale foxes suggest that despite the presumably harsh environmental conditions of TTT, the area provides relatively abundant resources for foxes, resulting in relatively low area requirements to meet their annual energetic demands. Perhaps this is not surprising given that the pale fox diet in our study site was composed primarily of arthropods (Burruss 2014) , which in this habitat might be an abundant food resource throughout the year. A reliance on arthropods year round has been observed in other Vulpes species, such as Blanford's foxes in Israel (Geffen et al. 1992a) .
Overlap between adjacent pale fox ranges was generally low, with nearly exclusive core areas, suggesting this species was generally territorial at the home range level and almost strictly territorial in the core areas. The relatively low home range overlap suggested the existence of a dynamic interaction of active avoidance (López-Bao et al. 2011 ) near the home range boundaries, probably when the neighbors were elsewhere in their range, with communication driven by mechanisms other than direct contact, such as scent-marking. Furthermore, given that the home range size of the collared individuals were relatively small, space use may not have been determined solely by food resources in the area, but by other factors, such as offspring-defense. The latter has been hypothesized to explain territoriality in female mammals with altricial cubs (Wolff and Peterson 1998), including canids (Jenner et al. 2011 ). Some pale fox traits match the assumption of this hypothesis: 1) all collared individuals to which the home range was determined were females, 2) offspring-rearing space was limited to burrows where pups were protected, and 3) burrows were marked with fecal latrines. Offspring-defense could have been used as a counter-strategy to avoid infanticide from conspecifics. Additionally, offspring-defense may have been necessary to protect young from larger predators, particularly golden jackals which were shown to be spatially avoided by pale foxes in our study site (Burruss 2014) . Although 2 other fox species were present in the area, pale foxes were segregated from them based on habitat associations (Burruss 2014) . The existence of helpers (i.e., nonbreeding associates) or kinship would explain the few cases where spatial overlap was higher. This particularly could be the case of 2 neighboring female pale foxes (P05, P06), which were the only ones exhibiting > 0.50 overlap at 95% home range level and > 0.10 overlap of core areas. In fact, these 2 foxes were observed at the same den on multiple occasions. Previous research showed that the degree of overlap between neighboring foxes was positively correlated with genetic relatedness (Kitchen et al. 2005; Kamler et al. 2013a ), thus it is probable that these 2 foxes were highly related breeding individuals. Alternatively, one of the female foxes could have been a nonbreeding associate which assisted in raising the litter of pups, similar to that reported for other Vulpes species (Kamler et al. 2004) . With the exception of these 2 females, the overlap of neighboring pale foxes was low (range 0.00-0.16). Other Vulpes studies also reported similarly low (< 17%) home range overlap between neighbors, including for swift foxes (Kitchen et al. 2005) , kit foxes (White and Ralls 1993 ), Rüppell's foxes (Lindsay and Macdonald 1986 ), Blanford's foxes (Geffen and Macdonald 1992) , and cape foxes (Kamler and Macdonald 2014) .
Because only female pale foxes were monitored long enough to estimate home range sizes, we could not determine the degree of overlap of mated pairs. Nevertheless, it was assumed that most if not all female foxes monitored had mates associated with them. In general, we assumed uncollared foxes at burrows were either mates of collared foxes or nonbreeding adult helpers, although multiple breeding females at the same burrow could not be ruled out, similar to that observed in other foxes (Kamler et al. 2004) . Although not monitored long enough to determine home range, we assumed that male pale foxes would have had similar home range sizes as females given that little if any sexual dimorphism was observed in our study. Previous research showed that among Vulpes species, home range sizes of resident males were similar or only slightly larger than females (Schauster et al. 2002; Iossa et al. 2008; Kamler and Macdonald 2014) . Nevertheless, future research is needed to explore possible intersexual differences in home ranges of pale foxes.
Our study reflected the logistical difficulties of working in the Sahara-Sahel region, where gathering ecological data on species has been generally limited by the size and remoteness of the area, as well as by the frequent civil unrest and long-term political instability. Although our sample size was relatively small, and our data were limited to home ranges, our results provide the 1st ecological information on pale foxes, reporting characteristics similar to other Vulpes species, especially those inhabiting arid and semiarid environments. We encourage further research to explore additional ecological aspects of the species (e.g., body sizes across range, social organization), as well as their interactions with other sympatric carnivores, to provide a more comprehensive understanding of the ecology of pale foxes which ultimately can aid their effective protection. 
